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Abstract 
Brillouin scattering is the scattering of light from sound waves in a medium. There are three 
waves involved in the process: two optical waves (pump and scattered light) and one acoustic 
wave, and the scattering process is restricted through the conservation of momentum and energy.  
Stimulated Brillouin Scattering (SBS) occurs when the interference between the pump and 
scattered light reinforces the acoustic wave by electrostriction or by optical absorption. SBS is 
considered to be the strongest material level optical nonlinearity with many applications 
including SBS lasers, microwave oscillators, optical phase conjugation and slow light.  
Nonlinear optical phenomena can be enhanced in resonant systems due to the significantly 
increased interaction times between photons. In this regard, the SBS nonlinearity has already 
been demonstrated in resonators such as microsphere and microcapillary. However all these 
previous demonstrations have been off-chip as it is extremely challenging to satisfy the phase-
matching requirements in small resonators due to the fewer optical modes available. An on-chip 
SBS-based optomechanical microresonator might be interesting since it will be more stable 
against vibration, and it will also demonstrate the potential for integration with other on-chip 
optical devices and the generation of resonantly enhanced SBS slow light on a chip.  
In this thesis, we propose a released silicon nitride microdisk resonator coupled by means of 
waveguide and gratings to realize on-chip SBS. Our COMSOL simulations show that the phase 
matching condition is possible between the first- and second-order transverse optical modes in 
the wavelength range of interest (1.52 μm-1.57 μm) by adjusting the dimension of the microdisk. 
The fabrication work is carried out in the cleanroom in the Micro and Nanotechnology 
Laboratory at the University of Illinois. It is shown that the releasing of the microdisk with 
suitable undercut is the most challenging step due to the delicate suspended structure as well as 
the stress in the silicon nitride layer. The unreleased device is tested by a setup that is designed 
for grating coupler testing, with a key component that is a “V groove assembly”. It shows that 
the grating and the disk work properly in our system. The fabrication process needs to be further 
optimized to achieve high quality factor and low insertion loss.  
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Chapter 1: Introduction 
1.1 Overview of stimulated Brillouin scattering (SBS) 
Brillouin scattering [1] occurs when light interacts with propagating density waves or acoustic 
phonons. More formally, a scattering interaction takes place between two optical waves (pump 
and scattered light) and one acoustic wave, and is restricted through the conservation of wave 
vector and energy, as illustrated in Figure 1.1. The scattering between the pump light and a 
retreating acoustic wave causes the scattered light to shift to lower frequency known as Stokes 
scattering while the scattering between the pump light and an incoming acoustic wave causes the 
scattered light to shift to higher frequency known as anti-Stokes scattering.  The scattering 
process can be either spontaneous, meaning that the optical properties of the material system are 
unaffected by the incident light, or the process can be simulated when the intensity of the 
incident light is high enough to modify the material system which leads to an interference 
between the pump and scattered light that reinforces the acoustic wave and creates a positive 
feedback [2].  The first SBS was observed experimentally by Chiao and Townes in 1964 [3].   
 
 
Figure 1.1: Illustration of Brillouin scattering. (a) Stokes Brillouin scattering. (b) Anti-Stokes 
Brillouin scattering [1]. 
Compared with other types of light scattering process such as Raman scattering and Rayleigh 
scattering, the Brillouin scattering can achieve the highest gain and hence it is considered to be 
the strongest material level optical nonlinearity [1]. There are many applications based on the 
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SBS phenomenon including the SBS laser which is realized by placing the Brillouin medium 
inside the laser captivity to provide the optical gain [3]; SBS-based optical phase conjugation 
which shows that under proper condition, the backscattered Stokes wave can be the phase 
conjugate of the pump light [4],[5]; SBS-based slow light by which the decrease of the group 
velocity of a pulse is realized by using the dispersion associated with a laser induced amplifying 
resonance such as SBS [6],[7]; and SBS-based microwave oscillators such as high Q whispering 
gallery mode micoresonators by SBS [8],[9].  
Until now, SBS has been realized in droplets [10], nanospheres [11], photonic-crystal ﬁbers [12], 
crystalline resonators [9] and quite recently, microspheres [8] and microcapillaries [13]. 
1.2 On-chip SBS system 
It is an established fact that nonlinear optical phenomena can be enhanced in resonant systems 
due to the significantly increased interaction times between photons. In this regard, the SBS 
nonlinearity has already been demonstrated in resonators [8],[9],[14]. However all these previous 
demonstrations have been off-chip as it is extremely challenging (but not impossible as we show) 
to satisfy the phase-matching requirements in small resonators due to the fewer optical modes 
available. An on-chip SBS-based optomechanical microresonator that includes the resonator, the 
waveguide, and the couplers on the same substrate is of additional interest since it will be more 
stable against vibration, and will also demonstrate the potential for integration with other on-chip 
optical devices for the generation of resonantly enhanced SBS slow light on a chip.  
In our proposed study, the on-chip SBS process will be realized in a released silicon nitride 
microdisk resonator coupled by means of waveguides and gratings as shown in Figure 1.2. The 
light will be coupled into the waveguide through grating coupler and then be coupled into the 
disk through evanescent coupling. The undercut of the disk allowing for the mechanical vibration 
will be achieved through BOE etch of the oxide underneath. The grating, waveguide and disk 
will be written by electron beam lithography to achieve small feature size, with high accuracy for 
phase-matching. We calculate that the phase matching condition will be satisfied between the 
first order transverse optical mode and second order transverse optical mode. The geometry of 
the disk (i.e. radius and thickness) will be designed such that the optical mode match will occur 
within the telecommunication wavelength region (1.52 μm-1.57 μm). The design of the grating 
coupler will adopt from an existing design that also works in this wavelength region as shown in 
3 
 
Figure 1.2 [15]. The optical and mechanical simulation will be done using COMSOL and the 
fabrication process will be carried out in the Micro and Nanotechnology Laboratory cleanroom 
at the University of Illinois.  A test setup will be built, catered to grating coupler testing, with a 
key component that is a “V groove assembly” for coupling light from fiber-coupled laser to the 
chip. 
 
 
Figure 1.2: The illustration of the proposed system for realizing the on-chip SBS system. (a) Top 
view. (b) Cross-sectional view. 
1.3 Organization  
The thesis consists of seven chapters and is organized in the following order:  
Chapter 1: Introduction 
This chapter gives the overview of the simulated Brillouin scattering (SBS), its uniqueness and 
applications.  An on-chip system idea is proposed in this chapter together with the motivation, 
challenge and approach. The organization of the thesis is also presented in this chapter.  
Chapter 2: Literature Review 
This chapter provides the relevant background knowledge which lays the fundamental concepts 
of this project. In-depth discussion on the theory of spontaneous/simulated Brillouin scattering as 
well as the theory of grating coupler and its general design guidelines are presented.  
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Chapter 3: Simulation Results 
This chapter presents the design approach of getting the correct disk resonator dimension that 
meets the phase matching condition for different materials by using COMSOL. The simulation 
design of the grating coupler is also presented.  
Chapter 4: Fabrication Process 
This chapter provides the detailed fabrication process which includes the process flow, recipes 
and optical/SEM images for the purposed silicon nitride based released disk coupled with 
waveguides and gratings for on-chip SBS.  
Chapter 5: Testing Setup 
This chapter introduces the testing setup that is capable of characterizing the device with grating 
couplers as the way of accepting light from a fiber-coupled laser. The key componets of the test 
setup are presented.  
Chapter 6: Fabrication Process  
This chapter presents the characterization results of the fab-out device using the designed testing 
setup along with an analysis of the results.  
Chapter 7: Conclusion and Further Improvement 
This chapter contains a summary and conclusion of the achievements in the project and provides 
some suggestions for future improvements.  
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Chapter 2: Literature Review 
Brillouin scattering is the interaction between an electromagnetic wave and a density wave. The 
understanding of Brillouin scattering indeed starts from the basic equation of motion of a density 
wave and the wave equation of the electromagnetic wave. Chapter 8 and Chapter 9 of Nonlinear 
Optics by Robert Boyd [1] give a very good introduction about the theory of the Brillouin 
scattering which lays the fundamental concept of this project and are presented in this chapter.  
2.1 Spontaneous Brillouin scattering  
Spontaneous Brillouin scattering [1] occurs when the intensity of the incident light is too small to 
change the optical properties of the material.  
The equation of motion for a pressure wave is given by [16]: 
                                        
    
   
     
   
  
                                                    (2.1)         
v is the velocity of the sound given by:  
                                                               
  
 
 
 
    
                                                       (2.2)       
where Ks and Cs is the bulk modulus and compressibility at constant entropy respectively and ρ 
is the density.  
Γ’ is the damping parameter that can be expressed as:  
                                                  
 
 
 
 
 
 
 
  
 
 
 
  
                                             (2.3) 
where ηs is the shear viscosity coefficient, ηb is the bulk viscosity, κ is the thermal conductivity 
and γ is the ratio of compressibility at constant temperature to compressibility at constant 
entropy, known as the adiabatic index.  
Consider the Brillouin scattering from a sound wave of the form: 
                                                                                                                                     (2.4) 
where q and Ω are the wavevector and frequency of the sound wave respectively, and they are 
related by the dispersion relation given by: 
                                                                  
 
 
 
  
  
                                                                (2.5) 
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where Γ is the phonon decay rate:  
                                                                         .                                                              (2.6) 
  is also known as the Brillouin linewidth.   
The incident optical field is described by  
                                                                
                                                        (2.7) 
where k and ω are the wavevector and frequency of the light respectively.  
The scattered field obeys the driven wave equation: 
                                                         
  
  
    
    
 
 
    
    
   
                                                      (2.8)        
where    is the polarization of the medium given by the equation:      
                                                                                                                          (2.9) 
where γe is the electrostrictive constant given by  
                                                             
  
  
                                                                    (2.10) 
By combining Eq. (2.4) through Eq. (2.8), it is found that the scattered field must obey the wave 
equation:  
     
  
  
    
   
  
    
  
           
                     
                                                                             
                       .          (2.11) 
The first term on the right-hand side leads to Stokes scattering in which the scattered light is 
shifted to lower frequency; the second term leads to anti-Stokes scattering in which the scattered 
light is shifted to higher frequency.  
During the scattering process, both momentum and energy must be conserved and are given by 
the equations: 
                                                                                                                                 (2.12) 
                                                                                                                                (2.13) 
The frequency ω and the wavevector k of the incident optical field are related by the dispersion 
relationship: 
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 .                                                                   (2.14) 
The frequency Ω and the wavevector q of the acoustic wave are related by the dispersion 
relationship:  
                                                                                                                                        (2.15) 
Since the acoustic frequency Ω is much smaller than the optical frequency ω, |k| is almost equal 
to |kS/AS|. So according to Figure 1.1:  
                                                                       
 
 
 .                                                         (2.16) 
Based on the dispersion relationship Eq. (2.14) and Eq. (2.15), the acoustic frequency is given by    
                                                                
 
 
    
 
 
 .                                                      (2.17) 
The maximum frequency shift occurs for backward scattering when θ = 180°.  
                                                           
 
 
 .                                                      (2.18) 
The speed of the sound can be obtained by: 
                                                                
 
 
                                                                                (2.19) 
where E is the Young’s modulus and    is the density.  
The LPCVD grown silicon nitride is of interest to us with E equal to 270 GPa [17] and   equal to 
3180 kg/m
3
 [17]. Based on these values, the speed of the sound in the silicon nitride is equal to 
9214 m/s.  
According to Eq. (2.19), the maximum frequency shift for backward scattering for silicon nitride 
is equal to 23.5 GHz at wavelength of interested: 1.55 μm.  
2.2 Stimulated Brillouin scattering  
Stimulated Brillouin scattering (SBS) [1] occurs when the intensity of the input optical field is 
large enough to drive the acoustic waves in the medium. A typical SBS system consists of an 
input laser field with frequency ωL which interacts with an acoustic wave with frequency Ω 
propagating in the same direction. According to the conservation of momentum and energy, the 
scattered light is in the backward direction has a frequency equal to ωs = ωL – Ω. The interference 
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between the input and the scattered light contains a frequency component equal to the acoustic 
frequency Ω which will act as a source to amplify the acoustic wave. The input field can be 
scattered by the amplified acoustic more efficiently and resulting in an amplification of the 
Stokes wave. A positive feedback is established leading to an exponential growth of the Stokes 
wave. The interference of the input light and the Stokes light can be achieved by either 
electrostriction, that is, the tendency of materials to become denser in regions of high optical 
intensity or optical absorption, that is, the heat evolved by absorption in regions of high optical 
intensity tends to cause the material to expend in these regions.  
Initiated from backward spontaneous Brillouin scattering, the stimulated process involves the 
interactions of three waves: two optical waves (laser and Stokes) and one acoustic wave: 
                                                                   
                                                  (2.20a) 
                                                                  
                                                   (2.20b) 
                                                                   
                                                (2.20c) 
where                 represent the electric field strength as well the amplitude of the laser and 
Stokes light respectively in complex phasor form while    is the material density perturbation 
representing the acoustic wave. The frequency of the acoustic wave Ω is equal to ω1-ω2 and the 
wavenumber q is equal to 2k as just discussed.  
The material density perturbation obeys the acoustic wave equation: 
                                               
   
   
     
  
  
                                                          (2.21) 
The source term on the right-hand side of this equation consists of the divergence of the force per 
unit volume, which is given by: 
                                                        
     
                                                      (2.22) 
By introducing Eqs. (2.20c) and (2.22) into the acoustic wave equation, and assuming the 
acoustic amplitude varies slowly in space and time, the steady-state solution of the complex 
acoustic amplitude is given by:  
                                                           
     
 
  
         
 .                                               (2.23) 
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The spatial evolution of the optical fields is described by the wave equation: 
                                               
     
   
 
 
 
 
 
  
     
   
 
 
    
     
   
                                               (2.24) 
where the polarization source term is given by: 
                                              
                                 
                         (2.25) 
where 
                                                       
                            
                                  (2.26) 
Introduce Eq. (2.20) into the wave Eq. (2.24) along with Eqs. (2.25) and (2.26). By making the 
slowly–varying amplitude approximation and dropping the distinction between ω1 and ω2 (ω1  
ω2=ω), in a steady-state condition, the coupled-amplitude equations then become: 
                                              
   
  
 
     
   
 
     
    
   
  
         
                                               (2.27a)      
                                              
   
  
 
      
   
 
     
    
   
  
         
 .                                          (2.27b) 
As seen from the form of these equations that SBS is a pure gain process, that is, the SBS 
process is automatically phase matched.  For this reason, it is possible to introduce coupled 
equations for the intensities of the two interacting optical waves. Define the intensity as:  
                                                           
                                                                 (2.28) 
The coupled intensity equations are then given by: 
                                              
   
  
                                                                                 (2.29a) 
                                              
   
  
                                                                                 (2.29b) 
where g is the SBS gain factor which is given by: 
                                           
 
  
 
  
         
  
 
  
                                                               (2.30) 
where the line-center gain factor g0 is given by:  
                                                
    
 
        
                                                                            (2.31) 
In constant pump I1 = constant, the solution to Eq. (2.29b) is  
10 
 
                                                  
                                                                       (2.32) 
As shown in Eq. (2.32), the Stokes wave injected into the medium at Z = L experiences 
exponential growth as it propagates backwards through the medium.      
2.3 Whispering Gallery Resonator (WGR) 
Nonlinear optical phenomena can be magnified in resonant systems as the photons constructively 
interfere to increase field strength.  
The whispering gallery mode (WGM) resonator based microdisk is of particular interest in this 
thesis. The light can be trapped in a circular orbit by the total internal reflections in the disk. 
When the circumference of the disk is equal to integer multiples of the wavelength of the light as 
shown in Eq. (2.33), the lights get resonantly enhanced by the constructive interference as 
illustrated in Figure 2.1.  
                                                                2πR = Mλ                                                               (2.33) 
 
Figure 2.1: Illustration of the whispering gallery mode. 
The M number in Eq. (2.33) is similar to the wavenumber k. In our study, the phase matching 
condition is considered between two different mode families which have different ω-M 
dispersion relationships as shown in Figure 2.2. The conservation of energy and momentum in 
the phase matching condition can also be visualized from the ω-M diagram since M is related to 
the momentum and frequency is related to the energy. The M number difference between the two 
optical signals determines the momentum of the acoustic signal while the frequency difference 
determines the frequency of the acoustic signal.  The velocity of the acoustic wave which is 
equal to Ωa/Ma should be much smaller compared with the velocity of the light, which requires 
the Ωa  (ωp-ωs) to be small and Ma (Mp-Ms) to be large as shown in the figure.  
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Figure 2.2: The phase matching condition in the ω-M diagram.                         
The SBS scattering in a resonator can be classified into forward and backward scattering as 
shown in Figure 2.3. In the case of backward SBS, the pump light is back scattered from the high 
frequency acoustic wave resulting in the Stokes signal to propagate in the opposite direction to 
the pump light. Due to the conservation of momentum, the pump light and Stokes signal enforce 
the acoustic signal at high frequency which is equal to 11 GHz for silica at 1.55 μm. In the case 
of forward SBS, the pump light is forward scattered from the low frequency acoustic wave 
resulting in the Stokes signal to propagate in the same direction to the pump light. Because of the 
conservation of momentum, the pump light and the Stokes signal enforce the acoustic signal at 
low frequency which is less than 1 GHz [14].  
 
Figure 2.3: Left side: Illustration of WGM interaction with the evanescent coupler. Right side: 
The momentum conservation for acoustic and optical waves.  (a) Backward SBS. (b) Forward 
SBS [14].                         
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2.4 Grating coupler  
The mode field diameter of light in the C band (1.53 μm to 1.565 μm) is around 10 μm in the 
fiber while the cross section of the waveguide is only 0.1 μm2. An enormous amount of power 
will necessarily be lost when trying to move the signal directly from the fiber to the waveguide 
end. The grating coupler is an important photonic component that is used to solve the problem of 
the mode mismatch between the optical fiber and waveguide and hence couples the light from 
the optical fiber to the submicron scale photonic devices with low loss.  It is essentially a Bragg 
grating [18] with periodic variations of the height of the waveguide that results in period 
variations of the refractive index. When the light is launched vertically onto the chip as shown in 
Figure 2.4, the light gets diffracted at the boundaries of the grating.  Only the diffraction that 
meets the Bragg condition [1] will propagate through and enter the waveguide. In the same way 
the grating coupler can also be used to diffract light from a waveguide and the light is coupled 
back into the fiber as output. 
 
Figure 2.4: Grating coupler between optical fiber and silicon waveguide. 
For research purposes, grating couplers offers many advantages compared with the conventional 
edge launching method using tapered lens fiber [19]. Grating couplers allow more alignment 
tolerance and also eliminate the fabrication complexity introduced by the precise chip cleaving 
and polishing. Moreover, the testing is on-chip allowing the device to be laid out in two 
dimensions instead of linearly in a row which results a high device density per chip.  
As a type of Bragg grating, the working mechanism of the grating is governed by the Bragg 
condition [20] as shown in Figure 2.5. For the energy of the incident and diffracted light to be 
conserved, the frequency of the incident light should be the same as that of the diffracted light as 
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shown in Eq. (2.34). For the conservation of momentum as shown in Eq. (2.34), the sum of 
incident wavevector ki and the wavevector introduced by the grating K should be equal to the 
wavevector of the diffracted light kd.  A small off-vertical title angle θ of the optical fiber as 
shown in Figure 2.5 is introduced to minimize the back reflection [21]. Normally θ is chosen to 
be 8 degree or 10 degree [22],[23].  As a result, ki = 2π/λ*nc*sinθ where nc is the refractive index 
of the cladding. The cladding layer used for the silicon photonics device is usually silicon 
dioxide with 2 μm thickness and it provides a refractive index match to the optical fiber [24]. 
The wavevector introduced by the grating K is equal to 2π/Λ where Λ is the grating period. The 
wavevector of the diffracted light is given by kd = 2π/λ*neff, where the neff is the effective 
refractive index at the grating region. The neff is mainly affected by the fill factor FF of the 
grating which is defined as the ratio of the length of grating teeth to total length of the grating 
within one period. A simple linear relationship can be used to describe the relationship between 
the neff and fill factor as neff  = ntooth*FF+ngroove*(1-FF) [25].  Normally 0.5 is a common 
number for FF [26]. Based on Eq. (2.34) the period of the grating can be calculated as shown in 
Eq. (2.37).  The etch depth of the grating coupler is designed so that reflection between the 
grating and the substrate is minimized while the coupling efficiency from the fiber to the 
waveguide is maximized [27]. The etch depth can be determined by doing a parametric sweep 
during the design simulation to find the optimum value with other parameters being determined 
first and fixed.   
                                                       ћωi = ћωd                                                                                                                                (2.34) 
                                                                                                                                                                                         (2.35) 
                                              
  
 
       
  
 
 
  
 
                                                                (2.36) 
                                                       
 
             
                                                                  (2.37) 
 
Figure 2.5: The Bragg condition [20]. 
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The silicon nitride grating coupler used in our system adopts the design from [15] with a grating 
period equal to 1.2 μm, fill factor equal to 0.5, fully etched with the etch depth equal to the 
thickness of the silicon nitride layer which is equal to 0.4 μm and an off-vertical title angle equal 
to 8 degree. There are 13 periods of grating with the width of equal to 17.5 μm which creates a 
15.6 μm by 17.5 μm rectangular grating region with the size large enough to collect the light 
from the input fiber. The grating coupler is designed into a U shape so that the input and the 
output can be aligned in the same line with the center to center separation equal to 250 μm as 
shown in Figure 2.6. A 675 μm long tapered region gradually decreased the waveguide width 
from 17.5 μm at the grating region to 0.85 μm at the normal waveguide region. The height of the 
waveguide is equal to 0.4 μm which is the thickness of the silicon nitride layer. The whole device 
is covered by 2 μm thick silicon dioxide cladding.  
 
Figure 2.6: Layout of the grating coupler design. 
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Chapter 3: Simulation Results 
The objective of the simulation is to find the phase matching condition for the proposed system 
in the wavelength range of interest of 1520 nm to 1570 nm which corresponds to the frequency 
range from 1.974*10
14 
Hz to 1.911*10
14 
Hz. The optical simulation was done by 2D 
axisymmetric radio frequency module frequency domain eigenfrequency analysis while the 
mechanical simulation was done by 3D solid mechanics eigenfrequency analysis in COMSOL.  
Different materials were taken into consideration.  
3.1 Silicon nitride disk resonator  
The wafer for actual fabrication had 0.4 μm silicon nitride with a measured refractive index 
equal to 1.977. A disk surrounded by air with a radius fixed at 30 μm was simulated first. Figure 
3.1 shows the ω-M diagram for first-order TE mode and second-order TE mode in the frequency 
range of interest. An approximation was made that the optical dispersion relationship between ω 
and M was linear and the ω value was interpolated for a wide range of M in order to find the 
match modes. The frequency of the acoustic wave was very small compared with the optical 
frequency and was aimed to be design as low as possible since the low frequency acoustic wave 
shown to have a long phonon lifetime [28] and hence large mechanical Q factor. As a result, the 
frequency difference between the two optical waves should be as small as possible.  From Figure 
3.1, it was found that the ω-M plot for these two mode families were almost parallel to each 
other and the frequency difference reached minimum when the M number difference between  
two modes was equal to 8 i.e. M first order TE-M second order TE=8. With this as a guideline, the actual 
simulation is performed for a mode pair with the M difference equal to 8. It was found that when 
M = 185, the frequency of the first-order TE mode was equal to 1.891127*10
14 
Hz and M = 177, 
the frequency of the second-order TE mode was equal to 1.891124*10
14 
Hz. The mode profiles 
for these two modes are shown in Figure 3.2. 
However, the phase matching condition occurred at an optical frequency which was out of our 
interest region. So the radius of the disk was slightly varied around 30 μm. It was found that 
when the disk radius equal to 29 μm, the phase matching condition happened at a frequency 
equal to 1.944234*10
14 
Hz for the same M values, as shown in Figure 3.3. The effective 
refractive indices were equal to 1.567 and 1.499 for the first- and second-order modes 
respectively.  
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Figure 3.1: ω-M diagram for first-order and second-order TE modes for a silicon nitride disk 
with radius = 30 μm and thickness = 0.4 μm (interpolated data). The mode pair with the closest 
frequency difference can be found on the diagram, which is circled with M number difference 
equal to 12.   
 
Figure 3.2: Mode profiles that met the phase matching condition at f = 1.891124*10
14 Hz or λ = 
1586.36 nm.  (a)  First-order TE mode when M = 185. (b) Second-order TE mode when M = 177 
for silicon nitride disk with radius = 30 μm and thickness = 0.4 μm. 
 
Figure 3.3: Mode profiles that met the phase matching condition at f = 1.944234*10
14 Hz or λ = 
1543.02 nm.  (a) First-order TE mode when M = 185. (b) Second-order TE mode when M = 177 
for silicon nitride disk with radius = 29 μm and thickness = 0.4 μm. 
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The effect of the radius as well as the thickness the disk on the frequency at which the phase 
matching condition occurred was also studied.  As shown in Figure 3.4 and Figure 3.5, the 
frequency got blue shifted when the radius or the thickness of the disk decreased. 
 
Figure 3.4: The frequency at which the phase matching condition occurred as a function of the 
disk radius when the disk thickness was fixed at 0.4 μm.  
 
Figure 3.5: The frequency at which the phase matching condition occurred as a function of disk  
thickness when the disk radius was fixed at 29 μm. 
The mechanical mode was selected by the M number difference which was equal to 8 in this 
case. The Rayleigh-Lamb wave was of particular interest due to its higher speed compared with 
other types of waves. For a given M number, it would result a lower frequency of the acoustic 
wave. Figure 3.6 shows the Rayleigh mode with a frequency equal to 2.689455*10
8 
Hz for the 
designed disk resonator when M was equal to 8.  
The disk needed to be released for the excitation of mechanical vibration.  The amount of the 
undercut was critical. Too little undercut would cause the vibrational frequency to be too high 
since ω = 
 
 
, the stiffness k would increase and the mass would decrease with the decreasing of 
the undercut region. Too much undercut would also cause problems as it would increase the 
BOE releasing time and also would increase the probability of the disk deformation since the 
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silicon nitride had a high internal stress. The amount of undercut needed for the released disk 
was also determined during the mechanical simulation. The free boundary condition was applied 
for the overhang region of the disk while the fixed constraint boundary condition was applied for 
the unreleased region of the disk which was indicated by distance from the disk center to the 
edge of the unreleased region. As shown in Figure 3.7, the frequency of the mechanical mode 
increased with the increase of the unreleased region. When the distance from the disk center to 
the edge of the unreleased region reached a certain value, the frequency of the mechanical mode 
increased dramatically. This distance was the critical distance used to define the minimum 
undercut that was needed for the released disk.  In this case, the critical distance was equal to 24 
μm from the center of the disk to the edge of the unreleased region. Hence the minimum 
undercut needed was equal to 10 μm for the disk with radius equal to 29 μm. 
 
Figure 3.6: The mechanical mode for the phase matching condition for the silicon nitride disk 
with radius = 29 μm and thickness = 0.4 μm. 
 
Figure 3.7: Frequency of the mechanical mode as a function of the unreleased region which was 
represented by the distance from the disk center to the edge of the unreleased region for the 
silicon nitride disk with radius = 29 μm and thickness = 0.4 μm. 
Other than the silicon nitride, other materials like diamond and lithium niobate could also be 
used to build such kind of microdisk resonator that met the phase matching condition to realize 
on-chip SBS. 
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3.2 Diamond disk resonator 
The refractive index of the diamond was set to be 2.4 in the simulation. Using the same approach 
as discussed in Section 3.1. It was found that when the disk radius equal to 103 μm and thickness 
equal to 0.15 μm, the phase matching condition happened at frequency equal to 1.957846*1014 
Hz with the M number of the first-order TE mode equal to 635 and the M number of the second-
order TE mode equal to 623 as shown in Figure 3.8. The effective refractive index was equal to 
1.504 and 1.476 for the first- and second-order mode respectively. The value effective refractive 
index is similar as that of silica, which makes it possible for the tapered fiber coupling method to 
couple light into the resonator due to the index matching. In this case, the M number difference 
was equal to 12 which determined the frequency of the mechanical mode. Figure 3.9 shows the 
Rayleigh mode with frequency equal to 2.27336*10
8 
Hz for the designed disk resonator.  
 
Figure 3.8: Mode profiles that met the phase matching condition at f = 1.957846*10
14
 Hz or λ = 
1532.29 nm. (a) First-order TE mode when M = 635. (b) Second-order TE mode when M = 623 
for diamond disk with radius = 103 μm and thickness = 0.15 μm. 
 
Figure 3.9: The mechanical mode for the phase matching condition for the diamond disk with 
radius = 103 μm and thickness = 0.15 μm. 
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3.3 Lithium niobate disk resonator 
Lithium niobate is an interesting piezoelectric material used in various MEMS systems [29],[30]. 
Since it is also a crystalline material, the refractive index was set to be the average between the 
refractive index of ordinary ray (n0 = 2.21111) and the refractive index of the extraordinary ray 
(ne = 2.13756) . It was found that when the disk radius equal to 87 μm and thickness equal to 0.4 
μm, the phase matching condition happened at frequency equal to 1.93203*1014 Hz with the M 
number of the first-order TE mode equal to 634 and the M number of the second-order TE mode 
equal to 624 as shown in Figure 3.10. The effective refractive index was equal to 2.0316 and 
1.9963 for the first- and second-order mode respectively. In this case, the M number difference 
was equal to 12 which determined the frequency of the mechanical mode. Figure 3.11 shows the 
Rayleigh mode with frequency equal to 8.981442*10
7 
Hz for the designed resonator.  
 
Figure 3.10: Mode profiles that met the phase matching condition at f = 1.932033*10
14 Hz or λ = 
1552.63 nm.  (a)  First-order TE mode when M = 634. (b) Second-order TE mode when M = 622 
for lithium niobate disk with radius = 87 μm and thickness = 0.4 μm. 
 
Figure 3.11: The mechanical mode for the phase matching condition for the lithium niobate disk 
with radius = 87 μm and thickness = 0.4 μm. 
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3.4 Silicon nitride grating coupler  
The performance of the grating coupler from [15] was also confirmed by the COMSOL 2D radio 
frequency module frequency domain analysis. Figure 3.12 shows the structure of the grating 
couple. The array of small rectangles represented the silicon nitride grating part with period 
equal to 1.2 μm, duty cycle equal to 0.5 and number of periods equal to 13. The long rectangle 
just beside the grating region was the silicon nitride waveguide. The waveguide and the grating 
were embedded in the silicon dioxide with 2 μm on top as the cladding and 3 μm at the bottom as 
the buried oxide. The rectangle on top of the cladding oxide represented the fiber input which 
was also set to be silicon dioxide. The scattering boundary condition was applied to all the 
boundaries.  
 
Figure 3.12: Structure of the designed grating coupler in COMSOL. 
A built-in Gaussian source with the function name “gp” was available in the COMSOL to 
represent the input light. The center of the Gaussian beam was set to be at the center of the fiber 
while the standard deviation of the Gaussian beam was set to be 3 μm to represent the beam 
width. The top edge of the rectangle that represented the fiber was set as the input port.  In the 
“port” option in COMSOL, the angle of the incidence was set to be 8 degree. Figure 3.13 shows 
the simulation results of the light propagation in the designed structure. As shown in the figure, 
the light could be coupled from the fiber to the grating coupler and then propagated along the 
waveguide when the wavelength was equal to 1.55 μm. A 1D line integration could be added at 
the output edge of the silicon nitride waveguide to measure the power flowed through the 
waveguide with the expression: sqrt(emw.Poavx^2+emw.Poavy^2).   
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Figure 3.13: COMSOL simulation result of the light propagation in the designed structure. 
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Chapter 4: Fabrication Process 
The fabrication process was carried out in the Micro and Nanotechnology Laboratory cleanroom 
at the University of Illinois.  Figure 4.1 shows the whole process flow of the proposed device. 
We started with a wafer with 0.4 μm LPCVD silicon nitride and 3 μm thermal oxide on top of 
the silicon substrate. The detailed step-by-step fabrication process is shown in Appendix B.  
 
Figure 4.1: Process flow of the proposed device. 
The first layer defined the disk, waveguide and grating coupler. Due to the small feature size of 
the grating and the gap between the disk and waveguide, the pattern was drawn using electron 
beam lithography. Three different designs of gratings were considered with the period and duty 
cycle of the grating remained unchanged while the taper length between the grating region and 
the waveguide region as well as the shape of the U-turn region varied as shown in Figure 4.2. 
Figure 4.3 shows the layout design of the first layer. There were three columns. Within each 
column, the first three rows were three different designs of the grating and waveguide without a 
resonator as mentioned. Row 4 and Row 5 had the design of the disk with a diameter equal to 58 
μm and a gap between waveguide and disk equal to 0.1 μm; Row 6 and Row 7 had the design of 
the disk with a diameter equal to 58 μm and a gap equal to 0.05 μm; Row 8 and Row 9 had the 
design of the disk with a diameter equal to 59 μm and a gap equal to 0.1 μm; Row 10 and Row 
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11 had the design of the disk with a diameter equal to 59 μm and a gap equal to 0.05 μm. All 
these eight rows adopted the grating design G1. Table 4.1 gives a layout of various designs on 
the chip. The center-to-center spacing between each device within the column is 500 μm while 
the edge-to-edge spacing between each device within the row is 2.5 mm. The fifth device within 
each column was tested first by aligning the input V-groove assembly (VGA) to designed cross-
shaped alignment marks based on the dimension of the VGA with the length equal to 60 μm and 
width equal to 20 μm. Another eight alignment marks were designed at the boundaries of the 
device with a length equal to 400 μm and width equal to 50 μm which were used as the 
alignment reference for the subsequent layer alignment. 
 
 
Figure 4.2: Three different designs of the grating coupler G1, G2 and G3.
 
Figure 4.3: Mask layout of the first layer. The large alignment marks at bounderis were used for 
the second layer alignment. The small alignment marks among the devices were used for the 
VGA alignment. 
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Table 4.1: Design outline on the chip (d denotes the diameter of the disk and g denotes the gap 
between disk and waveguide).  All the devices from Row 4 to Row 11 adopted the grating design 
G1. 
 Column 1 Column 2 Column 3 
Row 1 G1 G1 G1 
Row 2 G2 G2 G2 
Row 3 G3 G3 G3 
Row 4 d = 58 μm  g = 0.1 μm  d = 58 μm  g = 0.1 μm d = 58 μm  g = 0.1 μm 
Row 5 d = 58 μm  g = 0.1 μm d = 58 μm  g = 0.1 μm d =58 μm  g = 0.1 μm 
Row 6 d =58 μm  g = 0.05 μm d = 58 μm  g = 0.05 μm d = 58 μm  g = 0.05 μm 
Row 7 d = 58 μm  g = 0.05 μm d = 58 μm  g = 0.05 μm d = 58 μm  g = 0.05 μm 
Row 8 d = 59 μm  g = 0.1 μm d = 59 μm  g = 0.1 μm d = 59 μm  g = 0.1 μm 
Row 9 d = 59 μm  g = 0.1 μm d = 59 μm  g = 0.1 μm d = 59 μm  g = 0.1 μm 
Row 10 d = 59 μm  g = 0.05 μm d = 59 μm  g = 0.05μm d = 59 μm  g = 0.05 μm 
Row 11 d = 59 μm  g = 0.05 μm d = 59 μm  g = 0.05 μm d = 59 μm  g = 0.05 μm 
The Ebeam resist used was ZEP positive resist with a thickness equal to 2 μm. The devices were 
separated from the surrounding region by a 3 μm wide trench. Figure 4.4f is the SEM image of a 
device from Row 4 after the Ebeam. As shown in the figure, the dimension was very close to the 
design value. Reactive ion etch (RIE) was performed to etch the silicon nitride layer by using the 
Freon RIE machine. The etching recipe was designed to optimize the etching profile to achieve 
smooth and straight side walls. The pressure was set to be 35 mTorr and 20% of the total RF 
power was used. The main etchant gases were CF4 and CHF3 with the percentage equal to 23% 
and 30% respectively. The total etching time was 30 minutes plus 2 minutes for over-etch to 
ensure the 0.4 μm silicon nitride layer was completely etched through. After RIE, the photoresist 
was stripped by spraying the chip with acetone for 2 minutes, followed by cleaning the chip with 
acetone, methanol, IPA, water and IPA. An oxygen plasma descum process of 2 minutes was 
performed to ensure the photoresist was completely stripped off.  Figure 4.5 shows the scanning 
electron microscope (SEM) images after the dry etching. A conductive thin layer of gold was 
sputtered on the surface to provide a good contrast of the SEM image. All the patterns were 
transferred to the silicon nitride by the dry etching process. The small gap between the disk and 
the waveguide was opened successfully.  
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Figure 4.4: SEM image after Ebeam lithography. (a) The gap between the disk and waveguide. 
(b) The grating part.  
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Figure 4.5: SEM image after RIE of the silicon nitride layer. (a), (b) The grating part. (c) The 
disk part. (d) The gap between the disk and waveguide. 
    
Figure 4.6: Optical image after 2 μm oxide depostion. (a) Grating with disk. (b) Grating without 
disk resonator. 
Plasma enhanced chemical vapor deposition (PECVD) was performed to deposition 2 μm oxide 
as the cladding layer by using the Trion PECVD machine. A built-in deposition recipe- the high 
rate oxide deposition recipe with deposition rate equal to 2475 Å/min was used. Figure 4.6 
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shows the optical image after oxide deposition. All the devices and alignment marks were visible 
underneath the cladding layer. 
Optical lithography was performed to define the release opening window which was designed to 
be a 100 μm by 100 μm square. The mask used was a 4″ * 4″ iron oxide mask ordered in the 
Material Research Lab at the University of Illinos. The resist used was SPR 220-4.5 positive 
photoresist. Adhesion promoter AP 8000 was applied before the photoresist to provide a better 
adhesion between the chip and the photoresist. The spin speed was set to be 3000 rpm for 30 
seconds that resulted a roughly a 5 μm thick resist layer which was sufficient to support the 
subsequent buffer oxide etching (BOE). Two minutes 60 °C followed by 1 minute 120 °C soft 
bake was performed before the 45 seconds exposure using the Karl Suss Aligner with 270 mW 
power. AZ 400K developer mixed with DI water in the ratio of 1:5 was used for the development 
with the development time equal to 1 minute. Another 1 minute descum using oxygen plasma 
was performed to ensure the development was complete. A 10:1 BOE was performed for 2.5 
hours to etch away all the oxide surrounding the disk region and to create a 10 μm undercut 
beneath the disk. Figure 4.7 is the optical image after BOE. The undercut boundary and the 
suspended silicon nitride waveguide can be observed from the Figure 3.7 (b). The color variation 
in the ring region is due to the complete removal of the 3 μm thermal oxide and the silicon 
substrate was reached. A portion of the waveguide near the disk was suspended in the air.  
    
Figure 4.7: The optimal image after the 2.5 hours of 10:1 BOE to relase the disk. (a) Under a 
10X objective lens. (b) Under a 50X objective lens. 
The chip was bathed in the actone for the photoresist strip with a duration of 15 minutes. Directly 
spraying the acetone on the chip would destory the device in the released region. After the 
photoresist strip, a critical point drying was performed to dry the chip instead of using the 
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nitrogen gun drying methold. This also helped to protect the device from the high-speed nitrogen 
flow which might also cause damge to the device. The chip was inspected under SEM with a low 
acceleration voltage which was equal to 5 kV to ensure that the energy of the emitting electrons 
was low so that the electrons would not create distortion to the dedicated suspended structures. 
As shown in Figure 4.8, the disk bowed up at the overhang region probably due to the internal 
stress of the silicon nitirde layer. The waveguide just beside the disk also collapsed onto the 
substrate.  
 
Figure 4.8: SEM images after the BOE release of oxide. (a) Overview of the released region. (b) 
The zoom picture of the disk and waveguide region. 
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Chapter 5: Testing Setup 
A testing setup capable to characterize the device with grating coupler as input was built with a 
key component called V-groove assembly (VGA) produced by OZ Optics Ltd [31]. Fiber arrays 
with polished angle are placed in the V-shaped groove and sealed by pyrex lid. Figure 5.1 shows 
the overview as well as the cross-sectional view of the VGA. The cross section of the VGA 
shown in Figure 5.1 (b) made direct contact with the grating region. In our experiment, only two 
channels were need, as one channel was connected to the fiber-coupled laser sending light into 
one of the grating branches, and other channel would receive the light coming out from the other 
branch of the grating coupler and was connected to the spectrum analyzer. The center-to-center 
spacing between the two channels was 250 μm which was the same as the spacing between the 
two grating couplers. The polished angle of the fiber was equal to 8 degrees representing an 8 
degrees incident of light onto the grating.  The model of the VGA was VGA-2-250-8-A-10.3-
3.8-1.53-S-1300/1550-9/125-3A-1-1-0.8 where 2 meant there were two channels; 250 meant 
center-to-center channel spacing was 250 μm; 8 meant the polish angle of the fiber was 8 degrees, 
A meant direction of the polished angle was from the top of the pyrex lid to bottom of the 
substrate; 10.3, 3.8, 1.53 meant the length, width and height of the VGA was equal to 10.3 mm, 
3.8 mm and 1.53 mm respectively; S meant the fiber type was single mode; 1300/1550 meant the 
operating wavelength spanned from 1300 nm to 1550 nm; 9/125 meant the diameters of the core 
and the cladding of the fiber were 9 μm and 125 μm respectively; 3A meant the connector type 
was angled FC/PC; the first 1 meant the diameter of the jacket over the fiber was 900 μm; the 
second one meant the total length of the whole device including the fibers and connectors was 1 
m; last the 0.8 meant the distance from the breakout to the connector end was 0.8 m.  
 
Figure 5.1: The V-groove assemblies. (a) Overview. (b) Cross-sectional view [29]. 
Figure 5.2 shows the overview of the whole tesing setup. The VGA was held by a customized  L-
shaped aluminium holder with an 82 degrees slant rectangular slot to accommodate the VGA so 
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that the VGA could make contact with the chip surface horizontally. The VGA was attached to 
the slot by using double-sided taper. The L-shaped holder was futher attached to a dual axis 
goniometer that was able to tilt the angle vertically and horzonally with a span of ±15
o
 and 
±10
o
 respectively. The goniometer was attached to a Z stage to adjust the vertical distance 
between the VGA and the chip. The chip was placed on an X-Y stage where the Y stage was 
attached to a high-resolution long-distance micrometer so that the displacment of the chip in the 
Y direction can be fine-tuned. A 10X objective lens with 33.5 mm working distance was used to 
inspect the chip and it was attached to an X-Y-Z stage to adjust the position and focus. The 
microscope was attached to a CCD so that the image could be displaced in a monitor. A fiber 
light source was used to provide the illumiation for the testing.  
As shown in Figure 5.3, during the testing, the light first came out from a fiber coupled tunable 
laser light source then passed through a polarization controller, went into one channel of the 
VGA then came out from the device and was received by the other channel of the VGA, and 
finally reached the spectrum analyzer.  
 
Figure 5.2: The overview of the testing setup. 
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Figure 5.3: Illustration of the testing procedure. 
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Chapter 6: Characterization Results 
Due to the fabrication problem during the BOE step, the disks were not be able to be released as 
expeced. Only the unreleased devices  with the disks  covered by the silicon dioixde were tested 
using the experimental setup as discussed in Chapter 5. The Matlab code for the plot of the 
transmission as well as the curve fitting is shown in Appendix A. All the devices on the chip 
worked. The results of devices in the middle column had the best performance and were 
presented in this chapter. Figure 6.1 shows the transmission spectrum of the three different 
designs of the grating coupler in the middle column. As we can see from the figure, transmission 
was oberserved for the wavelength range of interest. G1 and G3 had a broarder transmission 
spectrum compared with G2. A power meter was used to measure the input and output power. 
The polarization was adjusted through the polarization control until the ouput power reached 
maximum. G3 had the smallest insersion loss which was equal to -29.5 dB with a input power 
equal to 1 mW.  G1 was located at the edge of the chip. The fabrication quality was not as good 
as the quality at the chip center especially during the PECVD and lithography process. So the 
performance of G1 was affected by the fabrication.   
Figure 6.2 (a) shows the transmission spectrum of the first design of disk plus waveguide and 
grating coupler system with the disk diameter equal to 58 μm and the gap between the disk and 
waveguide equal to 0.1 μm in Row 4 and Row 5 of the middle column. As shown in the figure, 
the transmission dips represented the light that was coupled to the disk at resonance condition. 
Figure 6.2 (b) shows one particular normalized transmission dip and it was perfectly fitted into a 
Lorentzian shape. The insertion loss of the device was equal to -30.57 dB and the free spectrum 
range (FSR) was equal to 7.6 nm. A simulation done by COMSOL showed that the FSR should 
be equal to 6.6 nm in such a disk system. However, the slight variation of the disk diameter or 
the disk thickness would affect the FSR. It was shown in the simulation that when the disk 
diameter was fixed at 58 μm and the disk thickness was equal to 0.22 μm, the FSR was equal to 
the measured value or when the disk thickness was fixed at 0.4 μm and the disk diameter was 
equal to 52 μm, the FSR was also equal to the measured value. Accounting for all the fabrication 
uncertainty, it was believed that the transmission dips that occurred at the spectrum were due to 
the light coupling to the disk. The FWHM was equal to 1.795 nm and the resonance peak 
occurred at 1.5275 μm in this particular transmission dip, resulting in a Q factor equal to 851. It 
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was much smaller compared with the Q factor that was achieved by other research groups 
[32],[33],[34]. A low Q factor meant a high photon loss rate. Poor fabrication quality like the 
rough sidewall of the waveguide would lower the Q factor. The gap between the disk and the 
waveguide would also affect the Q factor.  Either over coupling or under coupling would result 
in a low Q factor. 
 
 
 
Figure 6.1: The transmission spectrum of the three different designs of the grating coupler. 
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Figure 6.2: The characterzation results of the first design with the disk diameter equal 58 μm and 
the gap between the disk and waveguide equal 0.1 μm in Row 4 and Row 5 of the middle column. 
(a) The transmission spectrum. (b) The Lorentzian fitting of a particular transmission dip. 
Figure 6.3 (a) shows the transmission spectrum of the second design of the disk plus waveguide 
and grating coupler system with the disk diamter equal to 58 μm and the gap between the disk 
and waveguide equal to 0.05 μm in Row 6 and Row 7 of the middle column. Figure 6.3 (b) 
shows the Lorentzian fitting of one of the transmission dips with normalization. The insertion 
loss of this design was equal to -31.25 dB. The FSR and the Q factor were equal to 7.5 nm and 
813 respectively. Though the distance between the disk and the waveguide decreased from 0.1 
μm to 0.05 μm, the Q factor did not change too much. It was believed that the dominant cause of 
the low Q factor was due to the loss introduced by the poor fabrication quality instead of the 
coupling length between the disk and the waveguide.  
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Figure 6.3: The characterzation results of the second design with the disk diameter equal 58 μm 
and the gap between the disk and waveguide equal 0.05 μm in Row 6 and Row 7 of the middle 
column. (a) The transmission spectrum. (b) The Lorentzian fitting of a particular transmission 
dip. 
Figure 6.4 (a) shows the transmission spectrum of the third design of disk plus waveguide and 
grating coupler system with the disk diamter equal to 59 μm and the gap between the disk and 
waveguide equal to 0.1 μm in Row 8 and Row 9 of the middle column.  Figure 6.4 (b) shows the 
Lorentzian fitting of one of the transmission dips with normalization. The insertion loss of this 
design was the lowest among all the designs, which was equal to -29.2 dB and corresponded to a 
highest Q factor equal to 1090. Though the disk dimension of this design changed to 60 μm, the 
FSR did not change too much with a value equal to 7.4 nm.  It was believed that the disk 
dimension deviated from the design value slightly during the fabrication process.  
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Figure 6.4: The characterzation results of the third design with the disk diameter equal 60 μm 
and the gap between the disk and waveguide equal 0.1 μm in Row 8 and Row 9 of the middle 
column. (a) The transmission spectrum. (b) The Lorentzian fitting of a particular transmission 
dip. 
Figure 6.5 (a) shows the transmission spectrum of the last design of disk plus waveguide and 
grating coupler system with the disk diamter equal to 60 μm and the gap between the disk and 
waveguide equal to 0.05 μm in the Row 10 and Row 11 of the middle column. Figure 6.5 (b) 
shows the Lorentzian fitting of one of the transmission dips with normalization. The insertion 
loss of this design was equal to -30.45 dB. The FSR and the Q factor were equal to 7.4 nm and 
844 respectively. Again, the deviation of the disk dimension and the loss introduced by the 
fabrication process resulted an insignificant change of the FSR and a low Q factor.  
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Figure 6.5: The characterzation results of the last design with the disk diameter equal 60 μm and 
the gap between the disk and waveguide equal 0.05 μm in Row 10 and Row 11 of the middle 
column. (a) The transmission spectrum. (b) The Lorentzian fitting of a particular transmission 
dip.  
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Chapter 7: Conclusion and Future Work 
7.1 Summary of results 
In conclusion, we have proposed an on-chip SBS-based optomechanical microresonator that 
includes a released disk resonator, waveguide, and grating couplers on the same substrate. It is 
shown in the COMSOL simulation that the phase matching condition for various types of 
material systems can be satisfied between the first-order and second-order transverse optical 
mode while the acoustic signal can be determined based on the M number difference between the 
two optical signals. By adjusting the radius and the thickness of the disk resonator, the phase 
match can occur in the wavelength range of interest, 1.52 μm to 1.57 μm in our case. The 
undercut of the released disk for the excitation of mechanical vibration can be also determined 
by the mechanical simulation. In the case of our silicon nitride system, a disk resonator with 
radius equal to 29 μm, thickness equal to 0.4 μm and undercut equal to 10 μm meets the phase 
matching condition at the wavelength of interest. In the fabrication process, the disk, waveguide 
and the grating is patterned by the Ebeam lithography to ensure the accurate and small feature 
size. It turned out that the releasing of the disk resonator by a long time BOE is the most 
challenging part of the process due to the internal stress of the silicon nitride layer as well as the 
delicate nature of the structure. A testing setup capable to characterize the device with grating 
couplers as input has been built successfully. The mesurement results of the unreleased disk 
resonator shows a resonant type of transmission characteristics with the transmission dip being a 
Lorentzian shape.  The FSR is around 7.5 nm which is believed to come from the resonance of 
the disk considering all the fabrication uncertainty. The insertion loss of the tested device is 
around -30 dB which is mainly a result from the coupling loss from the gratings and the 
propagation loss from the waveguide. The optical qualify factor achieved is around 1000 which 
is a bit low compared with the achievement by other research groups. It is believed that the main 
cause of the low Q is due to the surface roughness created during the fabrication process.  
7.2 Recommendations for future work 
A few amendments and modifications can be added in the mask layout design as well as the 
fabrication process for the future improvement of the proposed work.  
 More alignment marks for the alignment of the VGA to the grating coupler should be 
added instead of just two as shown in Figure 7.1.  It forms a straight line and will help to 
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reduce the misorientation (“tilting”) problem of the chip and minimize the degree of 
freedom for adjustment during the alignment.    
 
Figure 7.1: Modification of the alignment marks for the alignment between the VGA to the 
grating coupler. 
 More designs with variation of the disk diameter and the gap size between the disk and 
waveguide should be incorporated during the mask layout design.  The disk radius can be 
changed from 25 μm to 35 μm with 2 μm in step. The dependence of the FSR on the 
radius of the disk can be investigated more clearly. The gap size between the disk and the 
waveguide can be changed from 50 nm to 150 nm with 20 nm in step. The coupling 
distance between the waveguide and the disk is very critical. Overcoupling meaning the 
coupling distance is too small will reduce the Q factor while undercoupling meaning the 
coupling distance is too large will cause less amount of light to be coupled into the disk. 
By varying the coupling distance in a fine step, the optimal coupling distance can be 
found.  
 The unreleased the device instead of the released device should be used as the alignment 
reference.  
 The width of the waveguide near the disk region that is supposed to be suspended after 
resealing should be increased in order to make the waveguide more robust. A reasonable 
number will be 2 μm.  
 The release opening should be shifted toward the disk a little bit so that less waveguide is 
exposed for the BOE releasing which will help to decrease the chance of waveguide 
collapsion.   
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 The dry etching process that defines the disk, waveguide and grating coupler should be 
further optimized. By fine-tuning the percentage of the etchant gas as well as the pressure 
and RF power used. The sidewall of the waveguide should be straight and smooth to 
minimize the prorogation loss and hence increase the Q factor.  
 Thermal annealing [35],[36] can be implemented after the dry etching process to reduce 
the internal stress of the silicon nitride layer. It will reduce the chance of the disk 
deformation during the BOE process.  
 The ring structure instead of the disk structure can be used. The advantage of the ring 
structure is that it offers a higher Q value [37],[38] compared with the disk resonator and 
also will significantly reduce the processing time of the BOE step.   
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Appendix A: Matlab Code for Curve Fitting 
fclose all; 
close all; 
clear all; 
 
%%Read the csv file 
filename=['tek0094CH2.csv'] 
fid = fopen(filename, 'r'); 
thisline = ''; 
NumberPoints = 1; 
data = []; 
one=0; 
datastart=0; 
c=1; 
d=1; 
 while feof(fid) ~= 1   %check end of file 
    thisline=fgetl(fid); 
     
    if ( strfind(thisline, 'TIME') ) 
        fgetl(fid); 
        while d <= 9999 
            thisline=fgetl(fid); 
            findcommas = strfind(thisline, ','); 
            time(c)=str2num(thisline(1:findcommas(1)-1)); 
            ch2(c)=str2num(thisline(findcommas(1)+1:end)); 
            c=c+1; 
            d=d+1; 
            if isnan(ch2(c-1))==1 
                ch2(c-1)=[]; 
                time(c-1)=[]; 
                c=c-1; 
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            end 
        end 
    end 
end 
plot (time, ch2); 
 
%% Convert time scale to wavelength scale in x-axis 
 maxl=length(time); 
  wavelength=zeros(1, maxl); 
  a=(1570-1520)/(time(5120)-time(1)); 
 b=1570-a*time(5120); 
 for j=1:maxl  
    wavelength (j)=a*time (j)+b; 
end 
figure; 
plot (wavelength, ch2); 
 
%% Clipping one optical resonance and normalize data 
  xdata=wavelength(700:1150); 
  ydata=ch2(700:1150); 
  y1=min(ydata); 
  for i=1:451 
      ydata(i)=ydata(i)-y1; 
  end 
  y2=max(ydata); 
    for i=1:451 
      ydata(i)=-(ydata(i)-y2); 
    end 
  y3=max(ydata); 
  for i=1:451 
      ydata(i)=-(ydata(i)/y3)+1; 
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  end 
  figure ; 
   plot (xdata, ydata); 
   
%% Curve fitting   
  opts = fitoptions('Method', 'NonlinearLeastSquares'); 
 % vars : A, Fo, Gamma, offset     (alphabetical order) 
      opts.Lower = [ 0, min(xdata), 0, 0]; 
      opts.Upper = [ 10*max(ydata), max(xdata), 10, 1]; 
      opts.StartPoint = [max(ydata), xdata(342), 2.5, 0.05]; 
% set up the fit 
 ftype = fittype('-(A*Gamma/(2*pi)) ./ ((lambda-Fo)^2 + (Gamma/2)^2) + offset', ... 
   'options', opts, ... 
    'independent', 'lambda', ... 
    'dependent', 'transmission'); 
fitresult = fit(xdata', ydata', ftype) 
figure; 
plot(xdata,ydata); 
hold on; 
plot(fitresult); 
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Appendix B: Fabrication Process  
1. Ebeam Lithography to Pattern the First Layer (Disk, Waveguide, Grating) 
 Resist: ZEP positive ebeam resist with 2 μm thickness 
 Superuser: Edmond Chow;  Email: echow@illinois.edu  
2. Microscope Inspection 
3. Dry Etching Using Freon RIE  
               Recipe: Pressure: 35 mTorr 
                            Power: 20% 
                            CF4 Percentage: 23% 
                            CHF3 percentage: 30% 
               Etch time: 30 min for 400 nm Silicon Nitride+ around 2 min over etch 
               Superuser: Yaguang Lian;  Email: yglian@illinois.edu 
4. Stripe the Photoresist  
         Stray with acetone for 2 mins  
         Cleaned the sample with acetone, methanol, IPA, water, IPA, dry with nitrogen gun 
5. Descum for 2 Minutes with O2  Plasma  
                Superuser: Yaguang Lian;  Email: yglian@illinois.edu 
6. Microscope Inspection 
7. Deposit 2 μm Oxide Using  Trion PECVD  
    Recipe: High rate oxide deposition recipe with deposition rate equal to 2475 A/mins  
     Superuser: Mike Hansen;  Email: mrhansen@illinois.edu 
8. Lithography for the Second Layer (Releasing Opening for the Disk) 
     Adhesion Promoter used: AP 8000 
     Resist used:  SPR 220-4.5 positive photoresist  
     Mask used:  4″*4″ ion oxide mask ordered in Material Research Lab at campus  
                 Spin coating time: 30 seconds  
     Spin speed: 3000 rpm 
     Resulting photoresist thickness: around 5μm 
     Soft bake time: 60 °C for 2 minutes followed by 120 °C for 1 minute    
     Aligner used: Karl Suss Aligner  
     Exposure time: 45 seconds 
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     Developer used: AZ 400 mixed with water in the ratio of 1:5  
                 Development time: 1 minute  
                 Superuser: Glennys Mensing;  Email: gmensing@illinois.edu 
9. Descum for 1 Minute with O2  Plasma  
10. Microscope Inspection  
11. Release of the Oxide Using BOE  
                10:1 BOE for 2 hours and half  
                Constantly check the sample under microscope for every 20 minutes 
                Need to completed the online safety training of HF usage first  
                Superuser: Glennys Mensing;  Email: gmensing@illinois.edu 
12. Photoresist Strip  
    Bath the sample with acetone for 15 mins  
Transfer the sample to IPA and do a critical point drying 
 Superuser: Yaguang Lian;  Email: yglian@illinois.edu 
13.  SEM Inspection  
     Low electron acceleration voltage: 5 kV 
     Titled angle for undercut inspection: 60 degrees 
     Superuser: Edmond Chow;  Email: echow@illinois.edu  
 
 
 
 
